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High-resolution Particle Image Velocimetry data
obtained in rough-wall boundary layer experiments
are re-analysed to examine the influence of surface
roughness heterogeneities on wind resource. Two
different types of heterogeneities are examined: 1)
surfaces with repeating roughness units of the order
of the boundary layer thickness [1] and 2) surfaces
with streamwise-aligned elevated strips that mimic
adjacent hills & valleys [2]. For the first case, the
data shows that the power extraction potential is
highly dependent on the surface morphology with
a variation of up to 20% in the available wind
resource across the different surfaces examined. A
strong correlation is shown to exist between the
frontal and plan solidities of the rough surfaces and
the equivalent wind speed, and hence the wind
resource potential. These differences are also found
in profiles of U2 and U3 (wher U is the streamwise
velocity), which act as proxies for thrust and power
output. For the second case, the secondary flows that
cause low- and high-momentum pathways when the
spacing between adjacent hills is beyond a critical
value, result in significant variations in wind resource
availability. Contour maps of U2 and U3 show a large
difference in thrust and power potential (over 50%)
between hills and valleys (at a fixed vertical height).
These variations do not seem to be present when
adjacent hills are close to each other (i.e. when the
spacing is much less than boundary layer thickness).
The variance in thrust and power also appears to be
significant in the presence of secondary flows. Finally,
there are substantial differences in the dispersive and
turbulent stresses across the terrain, which could lead
to variable fatigue life depending on the placement
of the turbines within such heterogeneous terrain.
Overall, these results indicate the importance of
accounting for heterogeneous terrain when siting
individual turbines and wind-farms.
c© The Authors. Published by the Royal Society under the terms of the
Creative Commons Attribution License http://creativecommons.org/licenses/
by/4.0/, which permits unrestricted use, provided the original author and
source are credited.
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1. Introduction
Surface roughness is found in abundance in natural environments and plays an important
role in a variety of practical and engineering applications. Specifically, regularly distributed
discrete roughness plays an important role in diverse energy and civil engineering applications,
such as, pollutant dispersion modelling [3], wind-farms [4] and wind loading calculations [5].
Nevertheless, to date, the effect of surface morphology remains only partially understood and
a number of fundamental questions remain unanswered. For example, it is still unclear which
and how many parameters are necessary to characterise a rough-wall or to what extent the
turbulence above the rough surface is effected by the wall morphology. This is especially true
for heterogeneous surfaces where the spatial scales of the surface morphology are comparable
to the integral scales of the flow within the boundary layer. This could have major implications
on the kinetic energy available for extraction by a wind-farm that is located in a heterogeneous
terrain.
It is necessary to understand the role of surface topography on determining the potential of
wind-power resources, especially in complex terrain such as urban environments, hills/valleys,
different croplands, etc. Fortunately, there are well-established methods for the determination
and prediction of mean velocities over a homogeneous rough surface. Most of these methods
have originated in studies that examined the influence of the land surface on the atmospheric
flow. Specifically, the mean velocity over a rough surface can be represented using a logarithmic
profile as
U =
Uτ
κ
ln
(
y − d
y0
)
, (1.1)
where U is the mean streamwise velocity at height y above the ground, Uτ is the skin-friction
velocity and κ is the von Kármán constant. The surface characteristics are represented by y0,
known as the aerodynamic roughness length, which essentially captures the momentum deficit
incurred by the rough topography, and by d, known as the zero-plane displacement, which is
often interpreted as the vertical location where the integrated drag force of the surface would
act [6]. Large roughness features such as buildings, tall trees, wind turbines, etc. affect the
wind profile over a large vertical extent, and therefore have larger roughness lengths than
smaller roughness elements. Similarly, different roughness features result in varying values of
d. The spatial configuration of the elements also influences the roughness length and zero-plane
displacement. A dense, regular arrangement of roughness would affect the flow differently than
sparse, irregular roughness distribution and generally cause variations in both y0 and d.
Recent studies have examined the wind resource potential in complex terrains using the above
mentioned mean-flow modelling methodology for different surface topographies. Millward-
Hopkins et al. [7,8] developed a semi-empirical methodology for predicting above-roof mean
wind speeds in urban areas and used this information to assess the wind resource potential
within cities. They found that there are viable sites scattered throughout a city, including within
the complex city centre, where the above-roof wind speeds at the most suitable locations may be
comparable to those observed at well-exposed rural sites. Alternately, Vanderwende & Lundquist
[9] used different values of roughness lengths from Wieringa [10,11] to assess the impact of crop
height at wind farm sites.
In this study, we utilise the data obtained in previous wind-tunnel experiments [1,2] to
examine the influence of heterogeneous surface terrain on wind resource. We also briefly consider
the fatigue/survivability of wind turbines and farms through an examination of the turbulent
stresses. We consider two different types of surface heterogeneities. First, repeated units of
roughness topography, where the reference area of the repeated unit scales with the boundary
layer thickness, are examined. Within a repeated unit, the frontal solidity (total projected frontal
area of roughness per unit wall-parallel area, λF ) and plan solidity (plan area of roughness
per unit wall-parallel area, λP ) of the surface roughness were varied systematically. Second,
the flow features generated by streamwise-aligned strips of LEGO bricks that mimic adjacent
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(a) (b)
Figure 1. Photographs of the different surface roughness patterns formed with construction bricks. Examples of (a)
surfaces with repeating roughness units and (b) surfaces with streamwise-aligned elevated strips. The drag balance
patch is also visible to highlight its size (see red circle in (a)).
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Figure 2. Plan view of the repeated unit of surface roughness patterns that lead to variations in (a) frontal solidity and
in (b) plan solidity. The values of the respective solidities increase from left to right (i.e. cases 1 to 6) and the numerical
values of the solidities are given in table 1. The flow is left to right. Red and blue shaded areas highlight the streamwise
spacing in between roughness repeated units.
hills & valleys (or streets and buildings) were examined. The spacing between adjacent strips of
roughness was varied systematically from very fine to really coarse (compared with the boundary
layer thickness).
2. Experimental methods
In order to measure the effects of the surface terrain on the flow structure, experiments were
performed in the University of Southampton’s 3’x2’ wind tunnel. The wind tunnel has a test
section measuring 0.9 m x 0.6 m x 4.5 m and has nominally zero pressure gradient [12].
In order to create different surface topographies, the floor of the test section was covered with
LEGO baseboards, and by using LEGO bricks, we could design a variety of different surface
patterns. The LEGO baseboard allows arrangement of the bricks on a regular grid with 8 mm
spacing. Examples of different rough surfaces examined herein are shown in figure 1. The LEGO
bricks themselves have a nominal height ofH = 9.6 mm, not including the connecting pins which
have a height of 1.8 mm.
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As mentioned previously, two different types surface morphologies were examined. First,
rough surfaces that contain repeated units of specific surface morphology were generated by
distributing the LEGO bricks in different patterns. The main distinguishing feature of all these
surface patterns is that the size of the repeated unit is comparable to the thickness of the boundary
layer and therefore represents a heterogeneous surface. In most previous studies that use regular
roughness elements, the repeated unit was much smaller than the boundary layer thickness.
The repeated units were characterised using two solidity parameters: frontal solidity, λF , and
plan solidity, λP . Another distinguishing feature of this study relative to others is that different
surfaces with different λF are generated at a fixed λP and vice-versa. A total of 12 surfaces were
generated and are shown in figure 2. The top row shows the variation in frontal solidity at a fixed
plan solidity while the bottom row shows the variations in plan solidity (at fixed λF ). Results
obtained from these measurements are discussed in section 3.
Second, the LEGO bricks were arranged such that they were aligned along the streamwise
direction and the spacing between adjacent rows of aligned and elevated bricks was varied
systematically. A total of 5 different surfaces were tested and the spacing between adjacent rows
was varied from 0.3δ to 1.8δ, where δ is the local boundary layer thickness. Results from these
measurements are presented in section 4.
Measurements of the flow field that developed over the surface were acquired using both
planar and stereoscopic Particle Image Velocimetry (PIV). The flow was seeded with vaporised
glycol-water solution particles, which were illuminated by a pulsed Nd:YAG laser (200 mJ per
pulse). The measurement plane captured a cross-section of the flow located 4 m downstream
from the start of the roughness, where the flow has developed over 20δ to ensure the fully-
developed conditions [12]. For stereo PIV measurements, particle images were acquired using
two cameras positioned on either side of the test section and fitted with Scheimpflug adapters
to accommodate the oblique viewing angles. In all cases, 1500 independent image pairs were
acquired and converted into vector fields using LaVision’s DaVis software. Further details are
provided in previous articles [1,2].
For the first dataset, the drag generated by the different wall morphologies was directly
measured via a floating element drag balance, which was based on the design of [13]. This balance
was placed at the same location of the PIV measurements (approximately 4 m downstream along
the test section). The reader is referred to [13] and [14] for full details on the balance measurement
principle and to [15] for its in-situ validation. Once the Uτ was measured, a least-square-fit
procedure was used to evaluate the zero-plane displacement, d, and the roughness length, y0.
Since a value of d >H would be physically meaningless in accordance with [6], we forced the
condition d≤H , as in [16]. A log-layer region was assumed for 1.5H ≤ y≤ 0.2δ as in [17]. The
fitting procedure was carried out with a fixed κ= 0.38. Further details and uncertainty inherent
within this method are discussed in [15] and [1].
In this article, the x, y, and z coordinates correspond to the streamwise, vertical, and spanwise
directions, respectively. The velocities in the (x, y, z) directions are denoted by (U, V,W ). The
mean quantities are represented using an overline and the fluctuations in a given direction are
denoted by lower case letters.
3. Effect of roughness solidity
In this section, we re-examine the data from [1] to determine the influence of variation in large-
scale roughness morphology on wind resource availability.
As previously introduced, the roughness morphology is herewith described via the means of
frontal and plan solidities [18]. Based on these two parameters, various morphometric models
have been developed to a-priori predict the drag generated by a geometrically known surface
[19–22]. However, an elegant and universal solution is yet to be found [23]. Most of these
morphometric methods follow a semi-empirical approach and they have been historically based
on cube roughnesses. These include both numerical and physical experiments [24–30]. It is
important to note, however, that cube roughness is not a good benchmark case as, by definition,
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λF ≡ λP . This means that these two solidities are coupled and effects of one or the other cannot
be determined independently. To overcome this issue and provide a data set that could be
used in developing future morphometric methods, a series of experiments were carried out by
systematically varying λF at a fixed λP and vice versa. A total of twelve different configurations
(from sparse to dense regimes - cases 1 to 6) were tested with the aim of examining the effect of
(non-cubical) surface morphology upon flow characteristics. Some results from this study follow.
(a) The mean flow
Mean streamwise velocity profiles for flow over different rough surfaces are shown in figure 3.
The profiles are non-dimensionalised by the values of Uτ (as measured from the drag balance)
and y0 (as determined from the non-linear fit). Although measurements were taken for all twelve
surfaces, mean velocity profiles for only three surfaces are shown: the sparse, medium and dense
values of λF and λP , respectively. It should be noted that a thorough description of the flow
field and its implication have previously been presented in [1], here we recap some of the main
findings in order to set the stage for the subsequent analysis.
For all cases in figure 3, a linear region is clearly visible in the profiles, which offers strong
support for the existence of a well defined log-layer. In this region, the good collapse of the
roughness data onto the smooth-wall linear asymptote (when scaled with y0) shows that the
roughness length was appropriately evaluated. The figure also seems to show that the logarithmic
region extends well into the roughness sublayer in accordance with previous findings [24] and
that there is reasonable collapse of the data across the different surface morphologies indicating
that the variations in surface roughness do not change the form of the mean wind speed. The
roughness, however, alters the drag and hence the values of y0. It should be noted that the
uncertainty in determining a log-region has been significantly reduced herewith (when compared
to other rough-wall studies) through the measurement of Uτ using the drag balance. A thorough
uncertainty analysis of this balance is here omitted for the sake of brevity, however, it is discussed
in [15] to be below 5%. This opposed to the modified Clauser’s chart and the total stress
methods accuracy, which is much higher (typically of the order of 7% and 10% respectively [17]).
Furthermore, it must be noted that the balance results fall within 5% of the values estimated using
these commonly used methods.
Also noticeable from the data is a substantial variation in zero-plane displacement, d, for the
different surfaces. Table 1 shows the different values of y0 and d for the various rough surfaces
examined in this study, while the reader is referred to [1] for further details on the evaluation
of the aerodynamic parameters. It must be noted, when consulting table 1, that the height of the
roughness is fixed for all surfaces at H = 11.4 mm (which includes the connecting pins on the top
of the LEGO bricks).
(b) Wind resource availability
The differences in y0 and d for different surface morphologies have ramifications for estimating
the wind power output. The fact that y0 changes dramatically with the local terrain means that the
shape of the velocity profile also changes, which affects the equivalent wind velocity experienced
by a wind turbine. This is defined as [31],
Ueq ≈
(
N∑
i=1
U3i
Ai
A
) 1
3
, (3.1)
where N is the number of discretised levels within the rotor layer, Ui and Ai are the wind speed
and fractional area for the ith level, respectively, and A is the total area of the rotor-disk. Each
fractional area is assumed to be the sector of the rotor-disk circle bounded by the midpoints
between the levels above and below the ith level, as shown in the figure 4a. The magnitude of
the differences in Ueq that would be experienced by a typical turbine placed at different points
6rsta.royalsocietypublishing.org
P
hil.
Trans.
R
.S
oc.
A
0000000
..................................................................
(y − d)/y0
100 101 102 103 104
U
+
0
5
10
15
20
Smooth-wall asymptote
Lego: λF = 0.09; λP = 0.27
Lego: λF = 0.15; λP = 0.27
Lego: λF = 0.24; λP = 0.27
(a)
(y − d)/y0
100 101 102 103 104
U
+
0
5
10
15
20
Smooth-wall asymptote
Lego: λF = 0.15; λP = 0.11
Lego: λF = 0.15; λP = 0.22
Lego: λF = 0.15; λP = 0.55
(b)
Figure 3. Mean velocity profiles in y0 scaling of flow over surfaces with variations in (a) λF and (b) λP .
Case ID λF λP H/δ Uτ (m/s) d/H y0/H
LF1 0.09 0.27 0.10 0.65 0.98 0.02
LF2 0.12 0.27 0.09 0.73 0.59 0.05
LF3 0.15 0.27 0.09 0.71 0.80 0.04
LF4 0.18 0.27 0.09 0.80 0.74 0.10
LF5 0.21 0.27 0.09 0.82 0.61 0.12
LF6 0.24 0.27 0.09 0.81 0.73 0.11
LP1 0.15 0.11 0.08 0.81 0.50 0.14
LP2 0.15 0.22 0.09 0.78 0.68 0.10
LP3 0.15 0.27 0.09 0.71 1.00 0.05
LP4 0.15 0.33 0.09 0.67 0.92 0.05
LP5 0.15 0.39 0.10 0.66 0.97 0.04
LP6 0.15 0.55 0.10 0.67 0.97 0.03
Table 1. Relevant experimental parameters for frontal (LF1 to LF6) and plan (LP1 to LP6) solidity cases. The aerodynamic
parameters are calculated through a log-law fit with κ= 0.38 in the range 1.5H ≤ y≤ 0.2δ.
in the terrain can be estimated by using the values of y0/hf and d/hf in table 1 (where hf is the
representative height of the surface; in these experiments, this was taken to be the total height of
the LEGO brick, H = 11.4 mm ). The logarithmic profile can be used to predict the variation of
the wind speed across the rotor diameter. For example, assuming a typical turbine, 67 m tall with
a hub diameter of 80 m, placed in a boundary layer with a thickness of 750 m over the terrain, the
equivalent wind speed can be calculated for different rough surfaces. Assuming a feature height
hf = 5m, for an arbitrary reference speed of Uref of 4 m/s at a height of 10 m above the local
surface, which is in the logarithmic region of the flow, the velocity profile across the rotor can be
constructed for given values of y0 and d, as shown in figure 4b.
Figure 5 shows the equivalent wind speed for different values of λF and λP normalised by
the reference velocity Uref . These values were obtained by generating mean wind speed profiles
for different values of y0 and d and using them to determine the equivalent wind speed. The
figure clearly shows the dependence of power extraction potential on the surface morphology.
Increasing values of λF results in increasing values of Ueq indicating that a higher drag coefficient
essentially means a higher momentum flux across the rotor diameter and therefore a larger
amount of energy that can be extracted from the wind. Similarly, increasing λP results in a
decreasing trend in Ueq , where progressive shielding of downstream roughness elements by the
7rsta.royalsocietypublishing.org
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(a) (b)
Figure 4. (a) Schematic to represent the calculation of the equivalent rotor wind speed, (b) mean wind profile computed
using the values of y0 and d for a given rough surface assuming a reference speed of 4 m/s at a height of 10m above
ground. The red dot marks the hub velocity (at the hub height) in the profile.
0 0.1 0.2 0.3 0.4 0.5 0.6
λF , λP
1.4
1.6
1.8
2
2.2
U
eq
/
U
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f
Figure 5. Equivalent wind speed (Ueq) normalised by reference wind speed (Uref ) of 4 m/s at a height of 10m above
ground. The red circles is for variation in λF and the blue squares are for variations in λP .
upstream elements leads to decreased momentum flux from the surface. This is reflected in the
reduced power potential across the rotor diameter. Overall, the equivalent wind speed appears
to have a variation of approximately 20% across the different surface morphologies. It should be
noted that variations in plan solidity at a fixed frontal solidity were achieved by placing more
roughness elements in the wake of upstream ones. This resulted in a sheltering effect whereby
the flow would transition from a separating/reattaching flow to a skimming flow. At the highest
value of λP (bottom right in figure 2b), the surfaces appear to resemble parallel hills and valleys,
albeit there is a small gap along the hills, as highlighted by the blue-shaded area.
The above analysis required us to make assumption about turbine hub height, diameter
and boundary layer thickness (in addition to empirical laws such as logarithmic region and
roughness lengths). A more general trend that does not requires these assumptions can be derived
by examining the measured profiles of mean-squared and mean-cubed values of streamwise
velocities (U2(y) and U3(y), respectively). These quantities are proportional to the thrust and
power that can be extracted from the wind at a given height. Figure 6a&b show the mean-
squared velocity profiles, for the same frontal and plan solidity cases in figure 3, on the left and
right respectively. The variance of this quantity at the same wall-normal locations are also shown
(dashed lines). It is clear how, for both cases, the unsteadiness in the winds (i.e. the variance
8rsta.royalsocietypublishing.org
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Figure 6. Mean squared velocity (solid lines) and its standard deviation (dashed lines) for (a) λF and (b) λP . Black
dashed lines run along a fixed height location.
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Figure 7. Mean cubed velocity (solid lines) and its standard deviation (dashed lines) for (a) λF and (b) λP . Black dashed
lines run along a fixed height location.
of U2) increases going towards the edge of the roughness sublayer, where the flow is bound to
have more spanwise variation. At a fixed wall-normal location, e.g. (y − d)/δ≈ 0.4 (as marked
by the black dashed line), the variation in the velocity squared profile for the frontal solidity
cases in between the grey and the blue curves (from a sparse to a dense regime) is of the order
of 20%. At the same height, the variation across the plan solidity cases, as shown in figure 6b, is
instead approximately 25%. The trends are also opposite in the two cases as sparser λF regimes
generally are characterised by higher available thrust across the entire height (see grey line), while
the opposite is true for variation in λP . This suggests that regardless of the wind turbine height
and diameter, the thrust produced for sparse λF (at a given λP ) and dense λP (at a given λF )
would be the highest.
The cubed velocity profiles are proportional to the power of the available wind energy, which
is consistent with the calculation of the equivalent wind speed presented earlier. These trends
are presented in figure 7a&b, and exhibit a similar behaviour to that exhibited by thrust for both
λF and λP cases. At the same fixed height of (y − d)/δ≈ 0.4, the variation of available power
across the frontal solidity cases is approximately 29% against a range of up to 35% across the plan
solidity cases. It is also clear by comparing the dashed lines in figures 6 and 7 that the variance of
U3 is much larger than the same quantity for U2, which indicates a lower variability of the thrust
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Figure 8. Maps of the mean velocity in cross-sections of the flow illustrate the presence of the secondary flows that form
over five different cases of streamwise-aligned roughness (with centre-to-centre spacings of S/δ=0.29, 0.44, 0.89, 1.16
and 1.74). Dashed blue and red lines indicate the locations of the low-momentum pathways located atop peaks in the
surface and the high-momentum pathways in the valleys, respectively.
output as opposed to the power. It should be noted that, all other cases in table 1 lie between
the grey and blue lines in figures 6 and 7, and therefore are omitted for clarity. It should also be
pointed out that these curves are only valid for a constant thrust and power coefficients (often
referred to in the literature as CT and CP respectively) and therefore for a fixed blade geometry.
4. Spanwise heterogeneity in surface terrain
Terrain with heterogeneities along the spanwise direction has been shown to generate secondary
flows that manifest as large counter-rotating vortices with axes aligned in the streamwise
direction [32,33]. These secondary flows create low- and high- momentum pathways that impact
the entire boundary layer thickness and can have serious implications for wind resources as
they result in inhomogeneities in the mean wind velocity and turbulence properties. In order
to determine the appropriate length scale of the spanwise heterogeneity that will generate
the secondary flows, we tested different cases with surface features that were aligned in the
streamwise direction (see figure 1b).
(a) The mean flow
The time-averaged flow fields resulting from these roughness distributions have previously
been presented [2] and are summarised in figure 8 in order to set the stage for the subsequent
analysis. We found that the secondary flows were most accentuated when the spacing of the
elevated surface features was roughly equal to the boundary layer thickness. For finer spacing,
the secondary flows were confined to the roughness sublayer (20-30% of δ). For coarser spacings,
the secondary flows still existed but were weakened with respect to the optimal case and were
capable of creating tertiary vortex pairs at harmonics of the surface spacing.
When present, the secondary flows resulted in low-momentum pathways (LMPs) aligned with
the elevated surfaces and high-momentum pathways (HMPs) in the valleys in between. For all
the cases we considered, the HMP was located in the centre of the valley, with the exception of the
coarsest spacing where HMPs were located offset from the centre, due to the presence of tertiary
vortices in the valley. The variation of the streamwise velocity in these LMPs and HMPs could
differ by as much as 20% from the spanwise-averaged mean velocity.
The variation of the in-plane velocities of the counter-rotating vortices was not nearly as severe,
having magnitudes of approximately 2% of U∞. This value is in fact comparable to the turbulence
intensity, u′/U∞, which ranged from 1.5% in the free stream to 10% at the wall. This means that,
while the secondary flows dramatically alter the streamwise velocity magnitude, they would not
severely impact the mean flow angle.
The generation of secondary flows have serious ramifications for flows over arbitrary surfaces
as even apparently random surfaces can develop secondary flows [33]. We suggest that the
necessary condition for secondary flows to exist is that the surface exhibits any sort of periodicity
in the direction perpendicular to the flow that has a scale on the order of the boundary layer
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Figure 9. Maps of the U2 and U3 over three different cases of streamwise-aligned roughness (with centre-to-
centre spacings of S/δ=0.29, 0.89 and 1.74). Dashed and solid black lines indicate the locations of the low- and
high-momentum pathways located atop of peaks and valleys, respectively.
Figure 10. Maps of the standard deviations of U2 and U3 over three different cases of streamwise-aligned roughness
(with centre-to-centre spacings of S/δ=0.29, 0.89 and 1.74). Dashed and solid black lines indicate the locations of the
low- and high-momentum pathways located atop of peaks and valleys, respectively.
thickness [2]. Therefore, in atmospheric flows where δ∼ 1km, we would expect secondary flows
to manifest in the presence of any km-scale variations in the surface terrain, which could include
natural, agricultural, or urban variations in terrain.
(b) Thrust and power in the presence of secondary flows
As in the previous section, the thrust and power potential of wind flows over these heterogeneous
terrains can be derived from contours of U2 and U3 across the flow. Figure 9 shows contours of
both quantities for three different surface terrains (different spacings between streamwise-aligned
roughness). It can be clearly seen, just as in the previous case, that different terrain exhibit different
thrust and power potential. There is a remarkable difference between the hills and valleys even
within the cases examined here (three out of the five presented in figure 8). For low spacing
between hills (S/δ = 0.29), the variation in thrust and power appears to be negligible. As the
spacing is increased to S/δ = 0.89, the variation in thrust and power potential becomes significant
and follows (in fact, accentuates) the secondary flow arrangement found in the mean flow. For
even higher spacing (S/δ = 1.74), the variation between hill and valley is reduced, due to the
presence of tertiary flows. For example, at a height of 0.2δ above the surface (assuming a turbine
with hub-height at this location), the differences in thrust and power between peak and valley are
negligible for S/δ = 0.3. At the same height, these differences increase to over 60% for S/δ = 0.89.
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Figure 11. (a) Dispersive Reynolds shear stress (normalised by U2∞) for S/δ = 0.89. Red contours show sweep events
and blue contours show ejections. The contour levels for blue and red contours are identical and range from 0 to -0.8U2∞
in 10 levels. (b) Turbulent shear stress (−u′v′/U2∞) for S/δ = 0.89, which shows effect of secondary flows persist
beyond the dispersive stresses. (c) Distribution of turbulent shear stress events across the boundary layer for S/δ = 0.89.
The figure shows turbulent shear stress activity (both sweeps and ejections) is concentrated above the hills. The colour
indicates the quadrant and the size indicates the strength of the events.
For the highest spacing case, the differences are reduced to just around 30%. However, for this
spacing, if a spanwise location that is at the mid-point between the hill and valley is chosen, then
the differences are back up to nearly 60%. These differences are consistent over a range of wall-
normal locations within the boundary layer. Therefore, it can be concluded that these differences
in thrust and power can be expected regardless of the hub-height and rotor diameter.
Figure 10 shows the variance in U2 and U3, which gives an indication of the variance in thrust
and power output for these different heterogeneous terrains. For S/δ = 0.29, the variation in
the variance is not significant, as a uniform variance is found across the terrain. As the spacing
increases to S/δ = 0.89, the variance in thrust exhibits similar characteristics to the behaviour of
the squared velocity with an overall variance that increases marginally. For power, the variation in
variance between the hill and the valley appears to be more significant. For example, at the same
height (y/δ = 0.2), the difference in thrust appear to be around 15% but for power the differences
are much higher (nearly 50%). Finally, for S/δ = 1.74, the variation in variance between hill and
valley increases further. It is important to note that the variance in thrust and power is much
higher farther away from the surface. Therefore, larger hub-heights and rotor diameters will be
impacted significantly in the presence of secondary flows.
(c) Dispersive and turbulent stresses
It is clear that secondary flows can significantly affect the local velocity, thrust and power profiles,
but it is also important to be aware of the local Reynolds shear stresses (which describe the
correlations between turbulent fluctuations) and how they may also vary with respect to the
local topography. Figure 11 shows maps of dispersive shear stress (i.e. spatially varying, u˜v)
and Reynolds shear stress (time-varying, uv) for flow over streamwise-aligned roughness with
S/δ = 0.89. It can be clearly seen from the dispersive stresses (in figure 11a) that “sweeps”
(u′ > 0, v′ < 0) are dominant in the valleys while “ejections” (u′<0, v′>0) are significant in the
peaks. These dispersive stresses are present across the entire height of the boundary layer and are
a manifestation of the secondary flows introduced by the heterogeneous terrain.
Figure 11b also shows that the turbulent shear stress exhibit strong activity over the hills and
this activity reduces in strength in the valleys. This suggests that the shear stress fluctuations
are higher over the hills, which is a higher order effect of the secondary flows. Therefore, for
this spacing (S/δ = 0.89), the presence of secondary flows essentially result in stronger turbulent
activity in the regions above the hills and an attenuation of turbulent activity in the valleys. This
is further highlighted by examining the distribution of quadrant events that is responsible for
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the turbulent shear stresses. Figure 11c shows the distribution of quadrant events (in coloured
circles) of varying strengths (size of the circles). This figure clearly shows that both the strength
of the activity as well as the population of the activity is higher over the hills compared to the
valleys. Both sweeps and ejections are strong over the hills. This suggests that the flow is “more”
turbulent over the hills. Therefore, turbines placed on top of these streamwise-aligned hills could
encountered higher fluctuations both as far as the instantaneous flow angles and the turbulent
shear stresses. This could have a critical impact on overall power output as well as fatigue life of
these turbines.
5. Conclusions
In this study, data obtained in previous experiments were re-analysed to examine the influence
of heterogeneous surface morphology on wind resource potential. Two different types of surface
heterogeneities were examined. First, surfaces with repeating roughness units on the order of
the boundary layer thickness were examined. These surfaces were parametrised using frontal
and plan solidities and the influence of variation of each parameter (with the other fixed) was
studied. The wind resource potential of different surface morphologies shows that the power
extraction potential is highly dependent on the surface morphology with a variation of about 20%
across the different surfaces examined herewith. A strong correlation is shown to exist between
the frontal and plan solidities of the rough surfaces and the equivalent wind speed, as well
as the local power and thrust factors. Second, surfaces with streamwise-aligned elevated strips
that mimic adjacent hills were considered. For this second case, measurements suggest that the
streamwise strips of roughness generate secondary flows that manifest themselves as low- and
high-momentum pathways. These secondary structures (that are statistically stationary) are most
accentuated when the spanwise spacing of the roughness elements was roughly proportional to
the boundary layer thickness. Under these circumstances, there is wide range of variation in wind
resource availability across the different cases. Differences in power and thrust of up to 60% can
be seen for a fixed height above ground, depending on the spanwise location. Regions above the
hills have generally a lower thrust/power potential compared to regions in the valleys, however,
the variance of thrust and power is also an important parameter to consider. The latter is larger
in valleys compared to hills. Finally, shear stress distribution (both dispersive as well as turbulent
components) across the heterogeneous terrain is found to be significantly different, which could
lead to variable fatigue life depending on the placement of the turbines.
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